In order to construct accurate point sources simulations at the frequencies relevant to 21-cm experiments, the angular correlation of radio sources must be taken into account. This paper presents a measurement of angular two-point correlation function, w(θ), at 232 MHz from the MIYUN survey -tentative measurements of w(θ) are also performed at 151 MHz. It is found that double power law with shape w(θ) = Aθ −γ fits the 232 MHz data well. For the angular lenght of 0.2
INTRODUCTION
There has been considerable recent interest in using the highly redshifted hyperfine line from H I (21-cm line) for astrophysical and cosmological studies at redshifts z > 6 (Pritchard & Loeb 2008) . At these redshifts, the 21-cm line is redshifted to metre wavelengths, and extracting the cosmological signature requires accurate modeling and removal of the foreground Galactic and extragalactic emission (Santos et al. 2005; Morales et al. 2005; Wang et al. 2006) .
The diffuse Galactic foreground emission fluctuates mainly on large angular scales (de Oliveira-Costa et al. 2008) , or on scales that are much larger than the expected angular fluctuations of the 21-cm signal. Point source contamination from discrete extragalactic radio source, on the other hand, affects mainly small angular scales and potentially could be more problematic. A number of surveys of radio sources have been performed at frequencies relevant to the 21-cm tomography -see Figure 1 in (Cohen et al. 2003) ; and analysis of these catalogs have helped to bring some understanding about their statistical properties: for instance, it is known that the distribution of radio sources obeys a Poisson statistics with an observed angular clustering -see Table 1 1 . In this respect, our knowledge of the extragalactic radio source clustering properties is important because, if there is clustering on small angular scales, it could contribute power to a power (bottom, right) . All footprints were computed using the HEALPix projection (Gorski et al. 2005 ), on which locations covered by the catalogs are in a brighter color (we adopted the convention in which an increase in flux density S corresponds to an increase in color's brightness). All catalogues are plotted in the interval of 0 S 1 Jy, and in Galactic coordinates with the Galactic center at the origin and longitude increasing to the left. spectral analysis; as a result, the clustering signal could be confused with the 21-cm signal that is being sought. Further, in order to construct accurate simulations at metre wavelengths 2 , the angular correlation of radio sources must be taken into account (Gonzalez-Nuevo et al. 2005) . At the faint flux densities relevant for 21-cm cosmological studies, the relative importance of the clustering contribution increases and could become an important contribution to power spectral analyses. This paper presents a measurement of angular two-point correlation function w(θ) at 232 MHz and a tentative measurement at 151 MHz. By comparing the results of this paper with previous measurements of w(θ), we assess how w(θ) changes with the change of frequency and completness limit. In Section 2, we describe the statistical tools as well as the surveys used in this analysis. The results and conclusions are presented in Sections 3 and 4, respectively.
DATA ANALYSIS TOOLS

The Angular 2-point Correlation Function
The clustering of astronomical sources is quantified using the angular two-point correlation function w(θ). One way to estimate this function is to compare the distribution of the objects in the real catalogue to the distribution of points in a random Poisson distributed catalogue with the same boundaries (Hamilton 1993) , or
where DD(θ), RR(θ) and DR(θ) are the numbers of data-data, random-random and data-random pairs separated by the distance θ + δθ. The estimation of RR(θ) and DR(θ) requires a catalogue of objects distributed uniformly over an area with the same angular boundaries as the data catalogue. In order to produce such catalogues, we used the "Sphere Point Picking Algorithm" 3 to generate random cartesian vectors equally distributed on the surface of a unit sphere (to avoid having vectors "bunched" around the poles, as would happen if spherical coordinates were used). See (de Oliveira-Costa & Capodilupo 2009) for more details on how these catalogues were produced. Incomplete knowledge of the completeness limit of a survey can affect our determination of the extent of clustering (Magliocchetti et al. 1998) . If a completeness limit for a given survey cannot be found in the literature, we estimate a ballpark value from the survey's differential source counts dN/dS. We derive dN/dS by binning the sources in flux density with bins of 0.1 in width, and the bins are not weighted by S −2.5 . The source count of the 6C-II region is plotted using the peak amplitudes. The red line is a single power law fit to the histogram (black line), for which dN/dS = 2.61 − 1.54S. Middle: The angular correlation function of the 6C-II region calculated for a flux density limit of S = 500 mJy. Bottom:
The Catalogues
The angular correlation function of the (6C-II + 6C-IV) region calculated for a flux density limit of S = 500 mJy, restricting to Galactic latitudes |b| > 5 • . The yellow shaded regions in the middle and bottom panels represent w(θ) calculated using solely mock catalogues.
The 6 th Cambridge (6C) survey produced a catalogue of radio sources at 151 MHz with 34,418 discrete sources at an angular resolution of 4.2 ′ ×4.2 ′ csc(δ). The data product is a set of seven sections (named 6C-I, 6C-II, 6C-III, 6C-IV, 6C-Va, 6C-Vb, and 6C-VI) that maps the sky north of +30
• declination, with limiting flux densities between 130 mJy and 200 mJy, depending on the section analysed (Baldwin et al. 1985; Hales et al. 1988; Hales et al. 1990; Hales et al. 1991; Hales et al. 1993a; Hales et al. 1993b ). The uncertainties on the positions and flux densities of many sources in the regions 6C-Va, 6C-Vb and 6C-VI are not well quantified (Hales et al. 1993a; Hales et al. 1993b ), so we exclude these regions from our analysis.
The 7 th Cambridge (7C) survey produced a catalogue of radio sources at 151 MHz with 43,683 discrete sources at an angular resolution of 1.2 ′ × 1.2 ′ csc(δ). This survey is composed by combining 96 individual images at declinations greater than +21
• . These images have completness limits between 120 mJy and 770 mJy, depending on the image analysed (Hales et al. 2007 ).
The Mauritius Radio Telescope (MRT) is a Fourier synthesis array that has produced images of the sky covering the region 18 h < α < 24 h and −75 • < δ < −10
• (Nayak et al. 2009 ). The resulting catalogue contains 2,784 discrete sources at an angular resolution of 4.6 ′ × 4.6 ′ with a completness limit 4 of about 1 Jy. The MIYUN 232 MHz survey mapped the sky north of declination +30
• at an angular resolution of 3.8 ′ × 3.8 ′ csc(δ), with an average noise level of 50 mJy. The principal data product of this survey is a catalogue containing 34,426 discrete sources (Zhang et al. 1997 ), complete at the 250 mJy level (Zhang 1999) .
RESULTS
The catalogues at 151 MHz: 6C, 7C, & MRT
The completeness limits of the the 6C-I, 6C-II, 6C-III, and 6C-IV regions were not published. Using the source counts dN/dS, as described in §2.1, we estimate completeness limits of 200 mJy, 500 mJy, 250 mJy, and 500 mJy, respectively. Figure 2 illustrates our estimation procedure. The top panel shows the differential source count (peak amplitudes) of the 8,275 objects in the 6C-II region. The red line corresponds to a single power law fit to the dN/dS distribution, for which dN/dS = 2.61 − 1.54S. At flux densities below 800 mJy (vertical black dotted line), the number counts begin to flatten, and the lack of faint objects becomes very important below 500 mJy (vertical black dashed line). We conclude that this survey region is incomplete at flux densities below 500 mJy. Figure 2 (middle) shows the measured w(θ) of the 6C-II region for our assumed completeness limit of 500 mJy. The measured correlations are represented by the black squares 5 , and distances between data and/or random sources are measured in bins of 0.09
• . At this flux density limit, the 6C-II catalogue contains 4,111 objects. The results are consistent with zero. Similar results were obtained for the three remaining regions 6C-I, 6C-III, and 6C-IV. We also investigated if w(θ) changes with a change in bin size, in Galactic latitude cut, or flux density limit. There is no indication that modest changes in any of these quantities affect the results.
5 In order to avoid having Galactic sources in our analysis, we adopted Galatic latitude limits and discarded sources at lower Galactic latitudes before measuring w(θ). 100 mock catalogues are constructed using the procedure described in §2.1, with flux densities above the sensitivity limit of the data catalogue and a chosen Galactic latitude cut (if applicable). By cross-correlating the data with the 100 mocks, a set of normally distributed estimates of the correlation function is produced. The mean and the standard deviation of this distribution are used as a value for the estimate and its uncertainty in the measurement of w(θ) at each θ. The estimate (mean) and its uncertainty (the standard deviation) are shown as the black squares and their uncertainties (e.g., Figure 2, middle) . Similarly, the 100 mocks are correlated with themselves. This result corresponds to the yellow shaded region shown in the correlation figures, and, as expected in a Poissonian distribution, w(θ) is consistent with zero. As an extra test, w(θ) was measured over grouped survey regions with similar completness limits. Figure 2 (bottom) shows w(θ) calculated for the combined (6C-II + 6C-IV) region, with a completeness limit of 500 mJy and a Galactic latitude cut of 5
• . At this flux density limit, the (6C-II + 6C-IV) catalogue contains 6,806 objects, extending from +30
• to +82
• in declination. The data show the presence of a large scale correlation (which extends beyond 10
• ), but no signs of small scale (θ < 1 • ) clustering. As discussed by (Blake & Wall 2002) , a possible explanation for this large-scale correlation is a varying areal density of sources on the sky, such as might occur from combining two 6C survey regions. In the case of 6C-II and 6C-IV, the former covers a declination range of +50
• to +51
• while the latter covers +67
• . The change in projected interferometric baselines over this range of declinations would produce a varying surface brightness sensitivity, which in turn could affect the density of sources on the sky, and thereby spuriously enhance the measured value of w(θ).
Like the 6C catalogue, the 7C catalogue was extracted from a survey composed by multiple individual images that have completeness limits varying between 120 mJy and 770 mJy (Hales et al. 2007 ). Therefore,w(θ) was measured in each individual region, as well as in aggrouped regions having the same completness limit. Figure 3 (top) shows an example of the resulting angular correlation function for a region with a completeness limit of 270 mJy. At this flux density limit, the catalogue contains 2,872 objects. Distances between data and/or random sources are measured in bins of 0.09
• . The results are consistent with zero. Similar results were obtained for the other regions in the 7C catalogue. We also investigated whether w(θ) changed with a (modest) change in Cress et al. 1996) 1.400 3.7 ± 0.3 1.06 ±0.03 0.02-2.0 3 (Magliocchetti et al. 1999) 1.400 2.68 ± 0.07 1.52 ±0.06 0.30-3.0 3 (Overzier et al. 2003) 1.400 1.2 ± 0.1 1.8 > 0.3 3 (Blake et al. 2004) 1.400 1.49 ± 0.15 1.05 ±0.10 > 0.3 10 (Overzier et al. 2003) 1.400
2.700 -350 (Sicotte & Peebles 1995) 4.850 0.70-1.7 45 (Kooiman et al. 1995) 4.850 4.01 0.8 0.30-1.9 35 (Rengelink & Rottgering 1999) 4.850 6.5 ± 2.0 0.8 < 2.5 35 (Loan et al. 1997) 4.850 10.0 ± 5.0 0.8 < 2.0 50 1 w(θ) is fitted by a power-law of the form Aθ −γ S lim is the limiting flux density.
bin size or Galactic latitude cut, and there is no indication that any of these changes affect the results. Figure 3 (bottom) shows the measurement of w(θ) for the MRT catalogue, with a flux density limit of 1 Jy (black squares). At this flux limit, the catalogue contains 2,294 objects. Distances between data and/or random sources are measured in bins of 0.09
• . The results are consistent with zero. We also investigated whether w(θ) changed with a (modest) change in bin size, flux density limit, or Galactic latitude cut, and there is no indication that any of these changes affect the results.
The MIYUN catalogue
Figure 4 (top) shows the determination of w(θ) for the flux density limit of 250 mJy (black squares). Distances between data and/or random sources are measured in bins of 0.09
• . It is apparent that the angular correlation function cannot be fit with a single power law, but requires two power laws, each of the form w(θ) = Aθ −γ (Peebles 1980) , where A is a measure of the amplitude of the average enhancement of the number of radio sources at a particular point in the sky. Fitting the data with a double power law model yields a weak correlation with A = 0.096 ± 0.071 and γ = −1.12 ± 0.11 (red solid line, with χ 2 =0.01), and A = 0.236 ± 0.092 and γ = −0.16 ± 0.05 (blue dotted line, with χ 2 =0.24). The break in the angular correlation function occurs between 0.4
• . This break could be the indication that there is a small angular scale signal (maybe caused by clustering) added to a large angular scale signal in the survey 6 . We also investigated whether w(θ) changed with a (modest) change in bin size or Galactic latitude cut. Variations in the bin size did not affect the results, but for Galactic latitude cuts greater than +15
• , w(θ) is consistent with zero. The angular correlation function w(θ) was also calculated for various flux density limits from 300 to 800 mJy, in increments of 50 mJy. Above the flux density limit of 500 mJy, the correlation for small angular scales (θ < 0.6
• ) approaches zero. As shown in Figure 4 (middle and bottom), for a 10
• Galactic latitude cut, the amplitude of clustering does not depend on flux density. This same result was observed in previous angular correlation analysis, e.g., (Blake et al. 2004; de Oliveira-Costa & Capodilupo 2009 ).
CONCLUSIONS
We have used existing 151 MHz and 232 MHz catalogues to estimate the angular correlation function w(θ) relevant for both simulation and analysis of 21-cm cosmological observations. At 151 MHz (corresponding to z ≈ 8.4), our estimate of w(θ) is determined from the 6C, 7C, and MRT surveys. In all cases, the results are consistent with zero, implying no observed clustering of radio sources, at flux density limits ranging from about 0.3 Jy to 1 Jy. At 232 MHz (corresponding to z ≈ 5), we found that w(θ) can be fit by a two broken power laws, each with shape w(θ) = Aθ −γ , with a break at an angular scale of θ ∼ 0.5
• . At small angular scales, with a Galactic latitude cut of 10
• and a flux density limit of 250 mJy, we find A = 0.096 ± 0.071 and γ = −1.12 ± 0.11 (with χ 2 =0.01), while, at large angular scales, we find A = 0.236±0.092 and γ = −0.16±0.05 (with χ 2 =0.24). The value of γ at small angular scales is consistent with that measured from radio catalogues at higher frequencies (Table 1) .
From Table 1 , it appears that the power law index γ of the angular correlation function is essentially constant over the frequency range from 74 MHz to 232 MHz (20 ∼ < z ∼ < 5), and it is also consistent with that determined from higher frequencies, at least as high as 1400 MHz. Strikingly, however, it is not clear that the angular scales for which this power law index applies are consistent across the range of frequencies: at the lower frequencies, clustering seems to be important on angular scales of θ ∼ < 0.6
• , while at higher frequencies, the clustering is important on angular scales θ ∼ > 0.3
• . These are overlapping ranges, but not entirely consistent. It is importatnt to point out that the classes of sources being probed at the different frequencies are also not entirely the same. Source counts at 1400 MHz indicate that strong radio sources (e.g.., FR II radio galaxies) dominate at flux densities above about 10 mJy, while star forming galaxies become important at lower frequencies. The current flux density limits for surveys at frequencies around 200 MHz (and below) are about 500 mJy. Assuming a nominal spectral index of α = −0.7 (Sν ∝ ν α ), these flux density limits imply flux densities of about 125 mJy at 1400 MHz, which is well above the flux density limits probed by the surveys around 1000 MHz, and consistent with the notion that the current generation of low-frequency surveys are dominated by powerful radio sources. Consequently, one potential explanation is that the possible inconsistencies are due, in part, to the different source populations being probed. However, it is also notable that the clustering amplitude A is fairly marginal (always less than 4σ, and in some cases consistent with zero) at frequencies lower than 1400 MHz; while at the higher frequencies, by contrast, the clustering amplitudes can exceed a significance of 10σ.
For the purposes of 21-cm cosmological observations, either simulating sky models or analyzing low radio frequency observations, we conclude that it is acceptable to scale the angular clustering results from higher to lower frequencies. One caveat to this conclusion is if a strongly clustered, steep-spectrum population of objects exists. Using a fiducial 1400 MHz flux density of 10 mJy allows us to estimate how deep future low-frequency surveys might need to be in order to assess this possible inconsistency (or the existence of a possible steep-spectrum population) in the scale of angular clustering. With the nominal spectral index of −0.7, we estimate that a survey around 150 MHz 7 would need to reach a limiting flux density of about 50 mJy (implying a thermal noise limit of about 7 mJy).
